Abstract. This paper explores the potential of optical coherence microscopy (OCM) for the in situ monitoring of biofilm growth. The quantitative imaging of the early developmental biology of a representative biofilm, Klebsiella pneumonia (KP-1), was performed using a swept source-based Fourier domain OCM system. The growth dynamics of the KP-1 biofilms and their transient response under perturbation was investigated using the enface visualization of microcolonies and their spatial localization. Furthermore, the optical density (OD) and planar density of the biofilms are calculated using an OCM technique and compared with OD and colony forming units measured using standard procedures via the sampling of the flow-cell effluent.
Introduction
Imaging at cellular and subcellular resolutions with optical imaging techniques is important in developmental biology. Over the past few years, there has been an increased interest in exploring the potential of high-resolution optical imaging and advanced metrological techniques for real-time in situ investigations of microorganisms such as biofilms. Biofilms are the aggregates of microorganisms such as bacteria, which are adhered to living and inert surfaces. 1 They are generally enclosed in a matrix formed by extracellular polymer substances (EPS). 2 Biofilms are observed abundantly in nature and they are often characterized by structural organization and population density. 1, 2 The development of the microbial communities and their structural organization are influenced by various environmental gradients such as shear stress, temperature, and the nutrient composition. 3 Biofilms are also observed in industrial and medical environments often giving rise to a wide range of concerns, especially biosafety. It has been reported that biofilms can develop on or within indwelling medical devices such as catheters, needleless connectors, contact lenses, mechanical joints and various body tissues such as teeth, middle ear, oral tissues, and so on. [4] [5] [6] The biofilms colonized in such devices are identified as the major reason for healthcare-associated bacterial infections. 7, 8 The formation of the biofilm and EPS enable the microorganisms to achieve better resistance toward the antimicrobial treatment as well as tenaciously attaching to surfaces. 9, 10 Hence, it is often a challenge to eradicate biofilms from biomedical and industrial environments to meet sufficient biosafety levels. In order to have a better understanding and control of biofilms in highly sensitive environments, an efficient in situ measurement/imaging scheme is required that would assist the strategies used for eradicating the biofilms.
Literature reports various optical and nonoptical imaging methodologies for the investigation of biofilms. Nonoptical schemes include the investigation using scanning transmission x-ray microscopy, transmission electron microscopy, and nuclear magnetic resonance imaging. 11, 12 These are generally bulky and not feasible for in situ and online monitoring of the biofilms. On the other hand, optical imaging techniques allow noncontact and high-resolution imaging with nonionization radiation and enable real-time monitoring. Optical fluorimetry, time resolved photo acoustic spectroscopy, light microscopy, and confocal laser scanning microscopy (CLSM) are some of the reported optical techniques used for biofilm monitoring. [13] [14] [15] Among these methods, CLSM is a widely accepted methodology since it allows high-resolution enface and three-dimensional (3-D) imaging of biofilms. However, this approach works only with the staining of the cells or bacteria which limits its applicability for the in vivo investigation of natural biofilms. In addition, CLSM offers a restricted penetration depth and requires the movement of the focal plane for z-slicing and 3-D image acquisition.
On the contrary, in vivo and label free imaging of biofilms at large working distances and improved depth can be achieved by optical coherence tomography (OCT). [16] [17] [18] [19] OCT allows depth resolved high-resolution cross-sectional and volumetric imaging of biological specimens up to a few millimeters of depth. 20 The mean biofilm thickness obtained from the cross-sectional images provides a measure of the spatial size of the biofilm and is the most common variable used in biofilm literature to quantify the growth. 21 The axial resolution of the practical OCT systems is limited by the center wavelength and bandwidth of the light source used. Therefore, the studies based on the tomographic images are useful only if the biofilms have sufficient thickness and structural features that are resolvable by the axial resolution of OCT system. This prevents the qualitative and quantitative investigation of the microbial growth or biofilm formation at the earlier stages of their development. This situation is more relevant in the case of biofilms, such as Klebsiella pneumonia (KP-1), which are generally developed in a flat shape and without any distinct vertical structures. 22 In an OCT system, the mechanism that governs the axial and transverse resolutions is decoupled. The performance of OCT can be improved to high lateral resolution via optical coherence microscopy (OCM), which combines the coherent detection with confocal microscopy. OCM makes use of an objective with a high numerical aperture (NA) and facilitates enface visualization with high lateral resolution sufficient to resolve both structural and cellular morphology without contrasting agents. Therefore, OCM can provide better visualization of the development of the microcolonies at their earlier stages, over a large field of view. OCM provides an enhanced penetration depth compared to conventional confocal microscopy and improves the image contrast by rejecting unwanted scattered light from the out-of-focus region using coherent gated detection. 23, 24 Moreover, OCM based on a Fourier-domain detection scheme allows simultaneous acquisition of the signals from different depths, thereby enabling the acquisition of enface image at any depth position. 25, 26 Recent trends in OCM imaging are more focused on the swept source-based Fourier-domain OCM (SSOCM) configurations because of their capability to perform volume imaging at high-speed imaging and sensitivity. 27, 28 This makes them more attractive for many real-time applications including the in vivo and in situ monitoring of developmental biology.
The feasibility of applying the OCM system for the in situ investigation of biofilms is explored in this work with a focus on the early developmental biology of a representative biofilm-KP-1. The KP-1 biofilms are allowed to grow continuously in a planar flow cell with tight control over environmental factors such as flow rate and temperature. Once the biofilm matures, it is subjected to a short perturbation via antibacterial treatment. The growth of the biofilms and their transient response under the perturbation has been monitored continuously using an in-house developed SSOCM system operating at 1300 nm. The volume imaging by the SSOCM allows the enface visualization of the base of the flow cell leading to an efficient analysis of the development of microcolonies and their spatial localization. The potential of the optical coherence systems to measure the optical density (OD) of the medium is explored and used to quantify biofilm growth. Furthermore, the planar densities of the biofilms are calculated from the OCM enface images. Both OD and planar density values measured using OCM are compared with the OD and colony forming units (CFUs) measured using standard procedures via the sampling of the flowcell effluent.
Materials and Methods

Biofilm Growth
Wild type KP-1, an environmental isolate, was maintained at −80°C. The bacteria was cultured in M9 minimal medium (48 mM Na 2 HPO 4 ; 22 mM KH 2 PO 4 ; 9 mM NaCl; 19 mM NH 4 Cl) supplemented with 2 mM MgSO 4 , 0.1 mM CaCl 2 , 0.04% w/v glucose, and 0.2% w/v casamino acids (supplemented M9).
The continuous flow-cell experiment was adapted from Refs. 22 and 29. Biofilms were cultivated at 25.0°C AE 0.1°C in three-channel flow cells with channel dimensions of 1 × 4 × 40 mm 3 (IBI Scientific). The flow cells were connected to syringes and waste collection bottles with oxygen-permeable silicon tubing. The flow cells were supplied (via syringe pumps) with supplemented M9 minimal medium at 9 mL h −1 (mean velocity of 0.625 mm s −1 and associated Reynolds number of 1.12) .
Overnight cultures of KP-1 were grown in LB10 medium from frozen stock and then streaked onto LB10-Agar. The streaked plates were incubated at 30°C for 24 h and then refrigerated at 3°C for a maximum of 1 week. A single colony was selected and grown overnight in supplemented M9. Afterward, the bacteria were pelleted, followed by resuspension in fresh supplemented M9, and incubation at 25°C for 1 h.
Each channel of the flow cell was inoculated with overnight culture, diluted to an OD 600 of 0.100 (UV-1800, Shimadzu, Japan), containing ∼1 × 10 8 cfu mL −1 . Incubation was made without flow at 25°C for 1 h to allow cell attachment.
Three-day-old biofilms were treated with 0.1% w/v sodium dodecyl sulfate (SDS) in supplemented M9 at a flow rate of 9 mL h −1 for 2 h to impose a stress. Biofilm growth was monitored by periodic measurements of the OD 600 and CFUs of the effluent. It has already been established in a related experiment that OD 600 measurements of the effluent of the flow cell closely correlate with biomass measurements made by quantitative confocal microscopy image analysis using IMARIS and 16S rRNAs sequencing. 22 
Optical Coherence Microscopy Imaging
A schematic of the experimental configuration used for the flow cell-based biofilm monitoring is shown in Fig. 1(a) . The OCM probe was placed in the same incubator as the planar flow cell and aligned with the top glass surface. The growth rate of KP-1 has been shown to be sensitive to glucose concentrations and as such, its biomass varies from channel inlet to outlet. 22 For consistency, only images of stacks of biofilms grown 5 mm from the inlet ends were used in this study.
A sketch of the instrumentation scheme configured for the SSOCM, which is used for biofilm monitoring, is shown in Fig. 2(a) . This system makes use of a high-speed frequency swept laser source (SL1325-P16, Thorlabs Inc.) that operates at a central wavelength of 1320 nm and −3 dB bandwidth of 100 nm. The source has a repetition rate of 16,000 A-scans per second and has a coherence length of 6 mm. A built-in MachZehnder interferometer within the source unit generates the calibration signal for resampling OCT signals in uniform frequency space. The laser beam from the source is directed toward a Michelson interferometer (MI) through a circulator. The light in the reference arm of MI is collimated and projected onto a mirror through a neutral density (ND) filter and a dispersion compensator (BK7 glass). The light carried by the sample arm is scanned over the sample by a two-dimensional galvo mirror-based beam steering setup. The interferogram formed by combining the retro-reflected light from the sample and reference arms is collected via the balanced detection scheme. The detected signal is digitally sampled at 50 MHz and 14-bit resolution using a high-speed digitizer (NI PXI 5622, National Instruments). The acquired A-scan signals are resampled by a spectral phase-based wavenumber linearization scheme.
30,31
The various signal processing procedures for OCT image construction-including background subtraction, inverse Fourier transformation, logarithmic compression, and gray scale conversion-are made in real-time using LabVIEW software (National Instruments). The average output power of the laser source is 6 mW and the incident power on the sample (flow cell channel) is 2.6 mW. The axial point spread functions measured from different depth positions are shown in Fig. 2(b) . A peak sensitivity of 110 dB was measured using an ND filter (OD ¼ 3) and a mirror. An axial resolution of 8.1 μm in air (∼8.3 μm after spectral shaping using Hamming window) was measured using the full width at half maximum (FWHM) of the PSF as shown in Fig. 2(c) . This is corresponding to ∼6 μm resolution in growth medium (refractive index ≈ 1.33). The light in the sample arm is collimated and focused onto the sample surface by a commercially available microscope objective with 20× magnification (20 × ∕air, NA ¼ 0.4 LD Plan-Neofluar 441340, Zeiss). The lateral resolution of the imaging system is quantified using a USAF resolution chart after being immersed into growth medium at 1-mm depth and by holding a cover glass slip on the surface of the medium. This is to replicate experimental conditions where the probe beam has to pass through the cover glass slip and growth medium for imaging biofilms at the bottom surface of the flow cell. Figure 2(d) shows the enface image of the USAF chart. From the image, it is evident that the smallest element that can be resolved is group 7-element 6, which indicate a lateral resolution of 2.19 μm. This resolution is sufficient to resolve the microcolonies of KP-1. 32, 33 The position of the beam waist is manually calibrated such that focal plane coincides with the bottom surface of the flow cell. The laser beam was scanned over the flow-cell channel in the x-and y-directions using two orthogonally aligned galvo mirrors (GVSM002, Thorlabs Inc.), 5 mm away from the flow-cell inlet. The volume images are generated by combining the individual B-scan images. The volumetric data contained 500 × 460 × 1040 voxels and the physical size of a sampled voxel is 2.30 μm × 2.24 μm × 6.2 μm. The B-scan images are acquired at a speed of 20 frames per second. This corresponds to a volume acquisition time of 25 s. Enface OCM images with a dimension of 500 × 460 pixels were generated by selecting a depth-of-interest (bottom surface of the flow-cell channel) from all cross-sectional images in a volumetric data set and a square root compression was applied to the intensity for visualization. This is corresponding to a field of view of 1.15 mm × 1.03 mm. Therefore, the developed OCM system provides the combined spatial and temporal resolution necessary for assessing the acute biofilms to consistent growth and perturbations.
Optical Density Measurement Using OCM Technique
The quantitative analysis of the microbial growth is performed in terms of OD of the bacterial microcolonies since this correlates directly with the cell concentration. 34, 35 Considering the single-scattering model for the photon diffusion, the depthdependent decay of the OCM signal follows Beer-Lamberts law as 36 ,37
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 7 1 9 IðzÞα expð−ODÞ;
where OD is the μcL; μ is the extinction coefficient, c is the concentration, IðzÞ is the intensity of the OCT signal, and L is the optical path length of the medium. Since the extinction coefficient (for a single bacterial species) and the length of the channel are constant, then the OD directly correlates with the concentration of the biofilm. In addition to providing morphological images, OCT can perform quantitative measurements of local optical intensities which would enable the estimation of OD or reflectivity of the biological specimen. 38 It has been reported that the bottom surface of the flow cell can serve as a reference surface whose relative position and reflectivity can be used for the estimation of the refractive index and thickness of the biofilms. 21 In the present experiment, the OD is altered by the varying concentration of bacterial cells or microcolonies leading to a subdued intensity from the bottom surface, according to the relation 16 ,38 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ;
where R Ref ¼ log½IðL; 0Þ is the reflection peak that corresponds to the base of the flow channel before inoculation (t ¼ 0), R new ðtÞ ¼ log½IðL; tÞ is the reflection peak at any time instant t and represents the time varying concentration of the microbial. Therefore, the OD of the biofilms can be calculated by the relation E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 4 0 3 ODðtÞ
Planar Density Measurement
A quantitative analysis of the biofilm growth is performed in terms of planar density, which represents the ratio of the area occupied by the microbial communities to the total field of view. In order to highlight and calculate the area occupied by the microcolonies, the enface images are subtracted from the background image followed by edge detection using ImageJ.
Results and Discussions
To facilitate the growth of biofilms on engineering plastics, a standard planar flow cell was used. Figure 3(a) shows the enface image of the base of the flow-cell channel. The surface roughness, scratches, and holes are apparent from the topography of the lower plastic base. A side-by-side comparison is made by bright field microscopy (Nikon Eclipse LV100 with 20× objective) and demonstrates that these features are not artifacts induced by OCM. On day-1, fragmented biofilm regions are apparent [see Fig. 4(a) ]. By day-3, a mature KP-1 biofilm is visible and occupies the entire bottom surface of the channel, as shown in Fig. 4  (c) . The average lateral size of the microcolonies is found to be 25 μm on day 3, which is in good agreement with size ranges previously reported. 33 On day-3, the matured biofilm is treated with 0.1% of w/v SDS, and the recovery from the transient response was observed for the next 3 days (day-4 to day-6). Figure 4 (e) shows the image acquired 2 h after the perturbation, demonstrating significant reduction of the biomass in response to the perturbation. The biomass has reached its minimum level on day-4 and gradually recovered over the following days (day-5 and day-6). The complete set of enface images of microcolonies of KP-1 and their background removed and edge detected images are given in Appendix A [see Figs. 7(a)-7(n) ]. This result is consistent with the growth rate reported for the same KP-1 biofilm, with identical experimental conditions. 22 The cross-sectional images of the flow cell (on day-3) are provided in Appendix B (see Figs. 8(a)-8(d) . These figures illustrate that the biofilms developed at the bottom cannot be resolved via the cross-sectional imaging at an axial resolution of 6 μm. On the other hand, the enface images with high lateral resolution provide better visualization of bacterial microcolonies and their development at the bottom surface of the flow cell. Figure 5 shows the representative averaged A-scan profiles acquired from the volume under investigation before and after (12) the biofilm growth. The first two peaks in the profile represent the reflections from the top and bottom surfaces of the glass cover slip. The third peak represents the reflection from the base of the flow-cell channel. The region between the top and bottom reflections represents the growth medium, where the signal attenuation is dominant due to the absorption. It is known that the plankton cells and biofilms that are present in the flow cell will alter the OD. The variation in the OD would be reflected as a variation in peak reflection from the base surface. Figure 6 (a) shows the OD plot obtained by the standard approach based on UV-VIS spectroscopy (OD 600 ) of the effluent. Similarly, CFU measurements are illustrated in Fig. 6(b) . These measurements are different from OD since they only quantify the viable cells that are able to be cultured into colonies. Nevertheless, the trend in CFU's is similar to that for OD. Figure 6(c) shows the OD plot obtained using OCM techniques based on Eq. (3). The individual OD values with standard deviation are calculated from the six datasets that are successively collected from the same sample. It is observed that OD measured using the OCM technique is consistent with the OD measured using spectroscopy. However, their absolute values differ due to the use of different wavelength regimes for their measurements. It can be seen that the OD increases from day-1 to day-3 representing the growth of biofilm. On day-3, OD reaches a maximum indicating that the biofilm is now mature. The reduction of the OD can be observed on day-3 to day-4, representing the reduction of biomass in response to the perturbation by SDS. The recovery of the biofilm on days 5 and 6 was also exhibited by the OD analysis as a gradual increase in the OD values. Quantitative analysis of biofilms based on the OCM enface images was also made. Figure 6(d) shows the planar density of the biofilm microcolonies, which represents the ratio of the area occupied by the microbial communities to the total field of view. Figure 6(d) shows the variation of the planar density over different days. It is evident from the illustrated figures and analysis that the quantitative assessment of the biofilm growth using both the OCM technique and standard procedures closely agrees with the enface image-based analysis.
Conclusion
A custom-built swept source-based OCM system with a lateral resolution of 2.2 μm was used to acquire the enface images during the growth of KP-1 biofilms. The development of the biofilms and the transient processes in response to the antibacterial treatment was demonstrated using enface images. The growth of biofilms are quantified in terms of OD and planar density using the OCM technique, which is found to be consistent with the assessment based on the spectroscopy-based OD values and CFUs. It is envisaged that this in situ monitoring with OCM can make impactful contributions toward various biofilm analyses and their growth monitoring in vivo. Moreover, this proposed methodology can be extended to the possible use of this bio-optic probe variety of different applications such as for the detection of the resistance to therapeutic agents during treatment of chronic infections in vivo.
Appendix A: Enface Images of the Microcolonies of Klebsiella pneumonia at the Bottom Surface of the Flow Channel Figure 7 shows the development of the microcolonies of KP-1, at the bottom surface of the flow channel. Figure 7 (a), 7(c), 7(e), 7(g), 7(i), 7(k), and 7(m) show the enface images of the bacterial microcolonies. The presence of microcolonies is highlighted by back ground subtraction followed by the edge detection, as shown in Figs. 7(b) , 7(d), 7(f), 7(h), 7(j), 7(l), and 7(n), respectively. Figures 7(a) , 7(c), and 7(e) demonstrate the continuous growth of the KP-1 biofilms in the presence of nutrition medium. On day-3, biofilms have matured and occupied the entire area of the bottom surface as shown in Fig. 7(e) . Figure 7 (g) shows the image acquired 2 h after the perturbation. On day-4, the biomass has reached its minimum as shown in Fig. 7(i) . The biomass has recovered on the following days (day-5 and day-6), which is evident from Figs. 7(k) and 7(m), respectively. 
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